and shorter times than those used in conventional HTST pasteurization, most investigators accept that thermal death time and thermal resistance curves obtained by plotting destruction times on a logarithmic scale against temperature on an arithmetic scale are straight lines (Schmidt, 1954) . Extrapolation of a straight line beyond the temperature range for which experimental data are available has provided helpful predictions of the lethality of processes involving high temperatures for very short times (Bendixen et al., 1937; Burton, 1951) . Deviations from linearity have been reported at high temperatures in some studies (Holland and Dahlberg, 1940) , though they might have been the result of experimental difficulties in applying and evaluating short treatments at high temperatures.
Some procedures used for studying the thermal resistance of bacteria involve such rapid heating and cooling that the lethal effec-ts during the heatin-arid the coalinog periods may be ignored. Use of s1Ch mfthd3 i3 limited to relatively low temperatures, requiring appreciable holding periods. Procedures using higher temperatures for shorter times necessitate evaluation of the lethal effects during heating and cooling. Ball (1943) and Burton (1951) described principles that can be used for such evaluation.
This paper reports on a study by two laboratory procedures of the thermal resistance of two species of bacteria. A "holding" procedure was used at a relatively low temperature range (139 to 151 F), without correcting for the lethality of the heating and cooling periods. A "continuous-flow" procedure at higher temperatures (165 to 185 F) required evaluation of the lethal effects during heating and cooling. Two procedures were used not only to procure additional information but to check on the agreement between the procedures used, and hence on the reliability of the methods for evaluating the effectiveness of "no-hold" processes. Ball (1943) , Katzin et al. (1943) , and Stumbo (1949) (Speck, 1947; Barber and Hodes, 1950) and Sarcina (Myhr and Olson, 1952) , for Escherichia coli , for two species of Pseudomonas (Kaufmann and Andrews, 1954) , for Brucella abortus (Foster et al., 1953; Kronenwett et al., 1954) , for Coxiella burnetii (Enright et al., 1956 ), for poliomyelitis virus (Kaplan and Melnick, 1952) , and for Coxsackie viruses (Kaplan and Melnick, 1954) .
METHODS
Micrococcus freudenreichii (MS66) and Streptococcus thermophilus were studied. M. freudenreichii was selected because it had been found suitable for use as a test organism in pasteurization studies (Speck, 1947; Speck and Lucas, 1951) . S. thermophilus was chosen because it has higher thermal resistance at 143 F and because the cells occur in chains. It was thought that these characteristics might produce peculiarities not evident in the results with M. freudenreichii.
The technic for handling M. freudenreichii was that reported for Micrococcus (MS 18s) by Grosche et al. (1952) , except that agar slants were prepared in 2-oz bottles and B.B.L. trypticase was substituted for NZ case in the medium used for preparing slants and plating samples. The plate counts of test inocula of M. freudenreichii were about 5.0 X 108 per ml.
S. thermophilus was propagated in sterile skim-milk at 35 C. Test inocula were prepared by growing a culture for 20 hr and then adding 5 ml of the culture to 50 ml of 0.9 per cent saline. The suspension was shaken vigorously 100 times and then kept in an ice water bath until a given day's series of tests was completed. In preliminary experiments the suspensions of S. thermophilus were filtered through paper. This step was discontinued when it was found that filtration removed too many of the bacteria. The plate counts of test inocula were about 1.5 X 107 per ml. Samples containing S. thermophilus were plated on modified trypticase soy agar (Mull, 1950) , to which was added 0.25 per cent of yeast extract and 1 per cent of sterile skim-milk.
The "holding" procedure involved adding 1 ml of inoculum to 99 ml of sterile skim milk (previously adjusted to the desired temperature) and removing and promptly cooling test samples at selected time intervals. Plate counts were determined and rate of destruction curves were plotted. This procedure was applied at 2-degree intervals from 139 through 151 F. (At 143 F results with skim milk and homogenized milk were not detectably different.)
In applying the heat treatment 6-oz bottles containing 99 ml of sterile skim milk each were submerged in a water bath thermostatically controlled to the temperature under test. Bottles were agitated and manipulated beneath the water level with rubber-covered tongs. Adding the inoculum usually lowered the temperature of the test material 0.5 to 0.6 F, necessitating a compensatory adjustment of the water bath to a point 0.5 to 0.6 F higher than the temperature under test, with readjustment to the test temperature immediately after inoculation. During the last 5 min the bottle of skim milk was shaken intermittently. When the holding time was less than 3 min, the bottle was shaken continuously during the period; for longer holding times it was shaken continuously for 3 min after inoculation and for 1 min prior to each sampling. Only the cap and neck of a bottle were raised above water level for inoculating or sampling; each of these operations required 10 to 15 sec. Samples of 1 ml were removed at intervals and placed in bottles containing 9 ml of sterile buffered distilled water. These 1: 10 dilutions were kept in an ice-water bath until plated.
A "continuous-flow" procedure, using the small-tube heater illustrated schematically in figure 1, was adopted to determine thermal resistance data at temperatures of 165 to 185 F. The material to be heated was pumped by means of a Zenith gear pump through a heating coil, a transfer tube, and cooling coil. The coils and transfer tube were constructed from p4-in stainless-steel tubing (0.06 in ID). 
RESULTS
Experiments uwth the "holding" procedure. A rate of destruction curve was constructed from the data from each experiment by plotting the numbers of surviving bacteria on the logarithmic scale of semi-log paper, and plotting the time (at the given temperature) on the arithmetic scale. The curves showed that in most cases the initial death rate was retarded slightly, as might be expected when clumps or chains of bacteria are present at the start of heat treatment (Wyss, 1951) .
Two methods were used to determine D values, that is, time in minutes for the rate of destruction curve to pass over one log cycle (Schmidt, 1954) . For method A the initial curvature of the rate of destruction curve was ignored. Excluding the initial points on the curve, a best-fit straight line was fitted visually to the data; the slope of the line, expressed as time to pass over one log cycle, was the D value. For method B, the final count necessary to give 99.99 per cent destruction of M.
freudenreichii or 99 per cent destruction of S. thermophilus was calculated from the initial plate count. A straight line was drawn through the two points just higher and lower than the desired end point of destruction, and the position of the desired end point was estimated by interpolation. The D value was taken as the reciprocal of the slope of the straight line joining the initial count and the interpolated position of the desired final count. Thus, for method B a first-order Schmidt, 1954 Summarized data from both the "holding" and the "continuous-flow" procedures are presented in figure 2.
DIscUSSION
With the "holding" procedure, the results with M. freudenreichii were more reproducible than those obtained with S. thermophilus (tables 1 and 2). Some of the variations with S. thermophilus can be attributed to difficulties in enumeration. With unheated samples a 10-fold dilution did not result in a 10-fold reduction in the numbers of colonies per plate; with heated samples a 10-fold dilution usually gave a greater-than-10-fold reduction in the numbers. These difficulties were not eliminated completely by,using buffered distilled water as diluent and adding sterile skim milk and yeast extract to the plating medium. Method A was considered preferable to method B for calculating D values. The majority of bacteriologists accept that the rate of destruction curves for bacteria plotted on semi-log paper are straight lines, except for an initial curvature in some cases (Wyss, 1951) . If there is an initial curvature in the rate of destruction graph, the end point of destruction that is chosen will influence the D value calculated by method B. Thus, for extrapolation of a rate of destruction curve beyond the range of experimental data, as in predicting a process requirement involving several log cycles of destruction, method A, which ignores the initial curvature, would be expected to give a more reliable result. Another consideration is that a D value estimated by method A from the straight part of a rate of destruction curve is based on more experimental points than a value by method B, which involves only initial and final counts.
In comparisons of D values and thermal death times reported in the literature, consideration must be given to the method of calculating the results and the end point of destruction. Results reported in terms of timetemperature combinations necessary for "complete" destruction or a given per cent (for example, 99.99) are comparable with those calculated by method B. They usually are based on two or three values (often the initial plate count and one or two other counts), and they include the initial portions of the rate of destruction curves.
Since the holding time was not varied in the "continuous-flow" procedure, only one result was obtained at each temperature during the series of tests. Only the initial and final plate counts were available for estimating D values. Consequently, method B was used in calculating D values for comparison of results obtained by the "holding" and "continuous-flow" procedures.
At temperatures of 139 to 151 F, D values for S. thermophilus were greater than those for M. freudenreichii (tables 1 and 2; figure 2). However, in view of the difference in z values (degrees F required for a 10-fold change in D value on a thermal resistance curve) for the two regression curves (9.0 F for M. freudenreichii as compared with 6.7 F for S. thermophilus) it was expected that at temperatures above about 154 F, D values for Ml. freudenreichii would be greater than those for S. thermophilus. Data obtained by the "continuousflow" procedure substantiated this prediction (table 3; figure 2) . D values calculated for M. freudenreichii at 180 F from data obtained by the "continuous-flow" procedure agreed with the value predicted from the "holding" data almost within the 95 per cent confidence limits of the "holding" procedure alone (figure 2). (Sufficient data were not available to permit making allowance for error in the "continuous-flow" results by calculating their confidence limits.) Although one D value (0.00086) was just above the upper confidence limit of the "holding" procedure (0.00082), the results indicate that the thermal resistance curve for M. freudenreichii can be considered a straight line up to at least 180 F. This finding increases the confidence in results obtained by the two procedures and in the method used for evaluating the lethal effects during heating and cooling.
For S. thermophilus the results obtained by the "continuous-flow" procedure did not show as close an agreement with the value predicted from the "holding" data (figure 2) as that observed for M. freudenreichii.
The point that showed the greatest deviation (D = 0.0026) was based on extrapolation from only two experimental results (table 3) . The poor reproducibility of results with S. thermophilus as compared to those with M. freudenreichii (see tables) undoubtedly contributed to the greater discrepancies. Since insufficient data were available to permit calculation of confidence limits for the "continuous-flow" results, the data for this species do not warrant a definite conclusion regarding agreement between the two methods.
The experimental results reported above are not inconsistent with an assumption that thermal resistance curves are straight lines when extrapolated beyond the range of experimental data. However, it should not be assumed that a graph showing safe minimum-process relationships would also be a straight line. If it is not, the thermal resistance curve for a single microorganisms can not be expected to indicate safe minimum-process relationships at all lethal temperatures.
A more reliable approach for establishing pasteurization standards would require rate of destruction curves for all disease-and spoilage-producing microorganisms that might be of critical importance in determining standards. In applying this approach, particular attention would be given to those important microorganisms that might be present in large numbers and those that have high thermal resistance (high z and/or D values) . D values at several temperatures would be determined from rate of destruction curves (preferably by a method comparable to method A) and z values determined from the D values. The present trend toward reporting thermal resistance in terms of D and z values (Schmidt, 1954) facilitates direct comparison of the results for different microorganisms.
The ideal objective of pasteurization would be complete destruction of important pathogens and certain defect-producing microorganisms. Theoretically, this is not attainable. Thus it is necessary to adopt for each important species an arbitrary tolerance of survival, selected with consideration of hazards to health and quality. One organism in many gallons of product might be the tolerance for a pathogenic species, while certain of the less-important spoilage species might be permitted a survival of several bacteria per ml.
For each important species, probable maximum initial numbers that might be encountered would be determined or estimated. The difference-between the log of the probable maximum initial count and the log of the maximum number to be tolerated after treatment is the log of the "safe" minimum population decrease. This value could be multiplied by the D value at any temperature to establish a "safe" minimum time at that temperature. This process (time and temperature), along with the z value, would permit the plotting of a minimum-process graph for the microorganism (time on the log scale, and temperature on the arithmetic scale). Such a graph would be similar to a thermal death time curve, except that its position would be fixed by consideration of thermal resistance, probable maximum initial population, and the unavoidable tolerance of survival.
A comparison of minimum-process graphs for all microorganisms that might limit pasteurization processes would indicate a "safe" minimum-process curve. This curve would not necessarily be a straight line. A hypothetical illustration of the manner in which three different pathogens might limit minimum processes is presented in figure 3 . The characteristics selected for the hypothetical microorganisms, A, B, and C, include the z values of Coxiella burnetii (Enright et 1956), Brucella abortus (Foster et al., 1953) , and Mycobacterium tuberculosis (Ball, 1943) (Wright and Tramer, 1954; Litsky et al., 1954) .
Sufficient data are not available at present to establish a "safe" minimum-process curve at high temperatures. Until such data are available, "no-hold" and similar high-temperature processes should require more severe treatments than those predicted from such criteria as destruction of phosphatase, destruction of test organisms having z values similar to that of a straight line drawn through the present pasteurization standards, and extrapolation of the present pasteurization-standards curve. This study was supported in part by funds from the California Dairy Industry Advisory Board. SUMMARY Thermal resistance of Micrococcus freudenreichii (MS66) and Streptococcus thermophilus was determined at temperatures of 139 through 151 F in a water bath by a "holding" procedure, and at temperatures of 165 to 185 F by a "continuous-flow" procedure. The "continuous-flow" procedure involved the use of a smalltube laboratory pasteurization unit that permitted heating inoculated milks from 140 F to about 180 F in 0.3 sec, holding for 0.13 sec, and cooling to below 140 F in 0.1 sec.
D values for results obtained by the "holding" procedure were calculated by a graphic method (method A), which ignored any initial deviation from linearity in the rate of destruction curves; and by method B, based on the initial count and the time at a given temperature necessary to thermophilus were 6.9 F and 6.7 F.
The D values calculated from data obtained by the "continuous-flow" procedure for M. freudenreichii at 180 F agreed with the value predicted from the "holding" data almost within the 95 per cent confidence limits of the "holding" procedure. This agreement was without allowance for possible error in the "continuous-flow" data. The results increased confidence in the-two procedures and in the method of evaluating the lethality of high-heat treatments, and indicated that the thermal resistance curve for M. freudenreichii may be regarded as a straight line up to at least 180 F.
The D values calculated from data obtained by the "continuous-flow" procedure for S. thermophilus at 174 F did not agree with the value predicted from the "holding" data within the 95 per cent confidence limits of the "holding" procedure. Possible reasons for this greater deviation from the predicted value are discussed.
An approach to the construction of a "safe" minimumprocess curve is outlined. A minimum-process curve could be used in the establishment of required standards for pasteurization by "no-hold" and similar high-temperature processes.
